Introduction {#Sec1}
============

Drywood termites cause significant damage to wood in structures in the United States, with two species, *Incisitermes minor* (Hagen) and *Cryptotermes brevis* (Walker), being responsible for the majority of damage (Su and Scheffrahn, [@CR28]; Grace, [@CR8]). The economic cost of control and repair of damage is second only to that for subterranean termites (Su and Scheffrahn, [@CR28]). Remedial control of drywood termites in the United States relies primarily on either (1) fumigation of the entire structure with a toxic gas or heated air, or (2) localized chemical or physical treatments designed to eradicate small, localized colonies (Lewis and Haverty, [@CR18]; Lewis, [@CR17]; Lewis and Rust, [@CR19]). Fumigation treatments are likely to kill all of the termites in a structure, while localized treatments can destroy all termites in a colony, provided the treatment is delivered to the entire gallery system.

The size, number, and dispersion of drywood termite colonies in a structure can vary greatly, depending on the age of the infestation and the success of preventative or remedial treatments. Drywood termite colonies also are considered single piece nesters, i.e., they nest within their food source and do not forage from the nesting site to a food source (Abe, [@CR1]). In fact, large, dispersed colonies (or even small colonies) can live in a single piece of wood or in multiple pieces of wood that are joined together (Grace et al., [@CR10]). Further complicating control of drywood termites by localized treatments is the possibility of numerous small, undetected colonies residing in a structure.

Drywood termites are cryptic, seldom leaving obvious or visible external signs of their presence in wood. A commonly used sign for determining the presence of drywood termites is the occurrence of fecal pellets, ejected through a "kick-out hole" in the external surface of wood from the internal galleries (Ebeling, [@CR6]). These pellets often are found as conical piles or are scattered on horizontal surfaces below infested wood. These hexagonally sided pellets are diagnostic for drywood termites, and can be used to distinguish damage from that by other wood-destroying insects (Ebeling, [@CR6]; Moore, [@CR20]).

Grace and Yamamoto ([@CR9]) demonstrated the relationship between the cellulose and lignin content of the food utilized by small groups of *C. brevis* and *Incisitermes immigrans* (Light), and the quantity of fecal pellets produced over time. They also discussed the use of the size and number of fecal pellets for estimating both size and age of drywood termite colonies.

Drywood termites excrete feces in the form of hard, even-shaped fecal pellets. These fecal pellets contain the same mixture of hydrocarbons as the insects that produced them, albeit in slightly different proportions (Haverty et al., [@CR14]). Because cuticular hydrocarbons are species specific in termites (Page et al., [@CR24]), pellets can be used to identify the termite species that produced them. Rather than simply signaling the general presence of termites or providing a diagnosis of the species of termite inhabiting the wood, we postulated that these pellets could be chemically characterized so as to determine the status of a colony as active (alive) or inactive (dead).

Here, we report quantification of the hydrocarbons in pellets of *I. minor* aged for up to 1 year after they were produced. We document the changes in proportions of selected hydrocarbons as an indication of the length of time since the pellets were excreted.

Methods and Materials {#Sec2}
=====================

**Collection of Termites and Preparation of Termite Containment Unit** Termites, *I. minor*, were removed from one naturally infested board (98.9 × 13.3 × 271.8 cm) collected on 19 July 2006 from Lakeview, California, and stored at the University of California Richmond Field Station. The board was cut across the grain into pieces, 5--8 cm thick, and stored at room temperature. A wood chisel was used to separate pieces of wood into smaller pieces, 0.5--1.0 cm thick. Termites were removed from all visible galleries with forceps. All remaining live termites, including soldiers and primary reproductives (alates), were placed in a termite containment unit (TCU). Termites thus collected were likely from a large mixed colony (Booth et al., [@CR3]) or from multiple colonies. We were not able to assign the various galleries in the wood to any particular colony.Fifteen birch tongue depressors were bundled together, and three equally spaced holes drilled across the length of the bundle using a 2.8-mm bit. Bamboo skewers, 10--13 cm in length, were inserted into each of the three holes in the bundle of tongue depressors. Spaces, 3--6 mm, were left between each tongue depressor allowing termites access to all tongue depressors. Two sets of skewered tongue depressors were placed into a clean plastic container (17.5 × 12.5 × 6 cm), one on top of the other, such that the tongue depressors on the top layer fit into the gaps created by the tongue depressors on the bottom layer. Tongue depressors were lightly misted with water, and then 6,662 drywood termites (a mixture of pseudergates or workers, alates, and soldiers) were placed in the TCU. TCUs, with termites, were maintained in a dark cabinet in the laboratory under ambient conditions prior to collection of fecal pellets. A single colony or a mixture of two or more colonies, representing a single location within California, was prepared in this manner.

**Pellet Collection and Aging Process** After all the TCUs had acclimated to laboratory conditions over several weeks, new holding chambers were prepared. A total of 3,402 live workers were transferred to a new TCU. All wood debris, pellets, dead termites, and damaged tongue depressors were discarded. The termites in the new holding chambers were maintained in the laboratory under ambient conditions for 2 weeks. At the end of this period, all pellets were removed, and sub-samples collected and readied for the aging study. Concurrently, three samples of 20 workers, three samples of 20 alates, and one sample of 20 soldiers were also collected for hydrocarbon analysis. Live termites were placed in a 20-ml scintillation vial and frozen until extraction.Fecal pellets were separated from debris by sequentially sifting them through successively smaller sieves (Haverty et al., [@CR14]). It was important to avoid contamination of samples with any extrinsic hydrocarbons. Thus, all substances such as hand lotion, lip balm, Parafilm, and waxed paper were kept away from the work area. Gloves were worn when handling pellets, and implements that came in contact with pellets were wiped with a paper towel dampened with absolute ethanol to remove any oils or waxes. Pellets were separated from fine debris by removing individual pellets with forceps or with an aspirator, until a sample weighing approximately 200 mg was obtained.In developing this protocol we made one estimate and one critical assumption. The estimate was that at least 1,000 pellets were needed for each hydrocarbon analysis (based on preliminary analyses of pellets collected from drywood termites maintained in our laboratory). The critical assumption was based on work conducted by Scheffrahn et al. ([@CR27]) using *C. brevis* and *I. snyderi* (Light) from southern Florida. In that study, 40 *I. snyderi* (pseudergates or workers) produced 573 pellets over 4 weeks, slightly less than 150 pellets/wk or about 3.5 pellets/individual/wk. In a study with small groups of *C. brevis* and *I. immigrans*, Grace and Yamamoto ([@CR9]) found that these species produced 4.9 to 7.0 pellets/individual/wk. For our study, we assumed that *I. minor* would produce pellets at roughly the same rate and, therefore, we needed about 3,000 to 5,000 individuals in a TCU for this study. We prepared one TCU to collect the requisite quantity of fecal pellets.Four sub-sampling intervals, each replicated three times, were used: 0, 30, 90, and 365 days from the initial collection date. Sub-samples were stored in clean, 20-ml scintillation vials, sealed with 1.5 × 1.5 mm mesh screen. Vials were stored in a dark cabinet at the University of California Richmond Field Station at ambient temperature.Voucher samples of *I. minor* pseudergates or workers and soldiers from this study (fresh, not dried) were preserved in 85% ethanol and deposited in the Essig Museum, University of California at Berkeley (Haverty et al., [@CR14]).

**Extraction Procedure and Characterization of Hydrocarbons** Hydrocarbons from workers, alates, soldiers, and fecal pellets of *I. minor* were extracted, characterized, and quantified as previously reported (Haverty et al., [@CR14]). Frozen termite samples were thawed and dried at 70°C for approximately 1 h before extraction. Each sub-sample of fecal pellets or termites was placed in a 20-ml scintillation vial, and immersed in 10 ml of *n*-hexane for 10 min. After extraction, hydrocarbons were separated from other compounds through 4 cm of activated Sigma silica gel (70--230 mesh) in Pasteur pipette mini-columns. The resulting hydrocarbon fractions were evaporated to dryness under a stream of nitrogen and redissolved in 60 •l of *n*-hexane for gas chromatography-mass spectrometry (GC-MS) analysis. A 3-μl aliquot was injected into the GC-MS.GC-MS analyses were performed on an Agilent 6890 gas chromatograph interfaced with an Agilent 5973 Mass Selective Detector, using Agilent Chemstation data analysis software (G1701CA version C.00.00). The GC-MS was equipped with an HP-1MS, fused silica capillary column (30 m × 0.25 mm i.d, 0.25 μm film thickness), and was operated in split mode (split ratio of 30:1), using helium as carrier gas. The column oven was programmed from 200--320°C at 3°C min^−1^, with a final hold of 11 min. Electron impact (EI) mass spectra were obtained at 70 eV.All chemicals of interest were identified by their retention times and mass spectra. Mass spectra of methyl-branched alkanes were interpreted as described by Blomquist et al. ([@CR2]) so as to identify methyl branch locations. Mass spectra of di- and trimethylalkanes were interpreted as described by Page et al. ([@CR22]) and Pomonis et al. ([@CR25]). Olefins were identified by their mass spectra, although double bond positions were not determined (Haverty et al., [@CR14]).In the text, tables, and figures, we use shorthand nomenclature to identify individual hydrocarbons or mixtures of hydrocarbons. This shorthand uses a descriptor for the location of methyl groups (X-me), the total number of carbons (CXX) in the hydrocarbon component excluding the methyl branch(es), and the number of double bonds following a colon (CXX:Y). Thus, pentacosane is represented as *n*-C25, 11-methylnonacosane as 11-meC29, 13,17-dimethylhentriacontane as 13,17-dimeC31, and heptatriacontatriene as C37:3. Hydrocarbons are presented in the tables for each caste and worker fecal pellets in the order of elution from our GC-MS system.

**Statistical Analysis** GC-MS peak (some peaks contained more than one compound or a mixture of positional isomers) areas were converted to percentages of total hydrocarbon fraction, enabling mean (±SD) relative amounts of each hydrocarbon peak for workers and alates, and overall mean (±SD) of each hydrocarbon peak for the fecal pellets, to be calculated.The percentage of each hydrocarbon peak for pellets of each aging period was transformed to the log of the percentage (dependent variable Y) and regressed against the days of aging (independent variable X). Hydrocarbons with slopes different from 0 (*α* = 0.05) were separated into two groups: those with a significant positive slope and those with a significant negative slope. For each aging period (0, 30, 90, and 365 day), an index of age (I~age~) was created by subtracting the sum of the percentages of the hydrocarbons with a negative slope over time from the sum of the percentages of the hydrocarbons with a positive slope over time \[I~age~ = ∑ (PEAK~positive~) minus ∑ (PEAK~negative~), for each aging period\]. The I~age~ for each aging period then was regressed against the aging period (R Development Core Team, [@CR26]).

Results and Discussion {#Sec3}
======================

The cuticular hydrocarbons for *I. minor* pseudergates and fecal pellets were characterized previously (Haverty et al., [@CR13], [@CR14]). The composition of the hydrocarbon mixture for this species and the hydrocarbons from their fecal pellets in the present study are displayed in Fig. [1](#Fig1){ref-type="fig"} and summarized in Table [1](#Tab1){ref-type="table"}. Fig. 1Total ion chromatogram of cuticular hydrocarbons from **a** workers of *Incisitermes minor* (Hagen) and **b** from fecal pellets from the same collection. Acronyms for hydrocarbons are derived as follows: *X-me* location of methyl groups, the total number of carbons *CXX* in the hydrocarbon component excluding the methyl branch(es), and *CXX:Y* the number of double bonds following a colonTable 1Relative abundance^a^ of hydrocarbons from pseudergates, alates, soldiers, and fecal pellets of *Incisitermes minor* (Hagen)Hydrocarbons^b^Pseudergates *N* = 3Alates *N* = 3Soldiers *N* = 1Fecal pellets *N* = 122-meC22^c^0.06 (0.02)0.08 (0.02)0.090.11 (0.02)*n*-C231.30 (0.06)1.34 (0.05)1.481.35 (0.18)2-meC231.45 (0.40)1.72 (0.35)2.112.13 (0.28)3-meC231.31 (0.38)1.38 (0.30)1.712.06 (0.29)*n*-C240.46 (0.01)0.43 (0.02)0.480.32 (0.05)2-meC24^c^0.13 (0.03)0.19 (0.03)0.190.15 (0.02)3-meC24^c^0.08 (0.02)0.10 (0.02)0.120.11 (0.02)*n*-C2516.35 (0.16)11.75 (0.40)12.648.65 (1.05)2-meC250.18 (0.01)0.27 (0.01)0.240.14 (0.02)3-meC250.23 (0.04)0.36 (0.04)0.340.26 (0.03)*n*-C262.25 (0.15)1.17 (0.07)1.510.87 (0.12)2-meC26^c^0.14 (0.01)0.13 (0.01)0.140.07 (0.01)*n*-C2714.04 (0.55)6.81 (0.31)10.055.91 (0.65)2-meC27^c^0.13 (0.01)0.09 (0.01)0.130.06 (0.01)3-meC270.20 (0.01)0.19 (0.01)0.250.12 (0.01)*n*-C28^c^0.43 (0.05)0.17 (0.01)0.350.15 (0.03)*n*-C293.38 (0.33)1.27 (0.07)2.971.38 (0.18)11-meC29^c^0.06 (0.01)0.15 (0.01)0.100.09 (0.01)9,13-dimeC290.70 (0.02)0.82 (0.01)0.910.63 (0.06)9,13,17-trimeC290.11 (0.02)0.27 (0.00)0.160.22 (0.03)*n*-C30^c^0.04 (0.00)0.07 (0.00)0.100.0013-meC30^c^0.01 (0.02)0.08 (0.00)0.040.0010,14-dimeC300.64 (0.06)1.45 (0.02)0.880.90 (0.03)10,14,18-trimeC300.18 (0.02)0.43 (0.01)0.240.28 (0.02)*n*-C31^c^0.14 (0.01)0.10 (0.01)0.200.09 (0.01)15-; 13-; 11-; 9-meC31^d^0.36 (0.03)0.82 (0.01)0.420.49 (0.02)13,17-; 11,15-dimeC31^d^7.45 (0.68)13.74 (0.52)8.5510.67 (1.80)9,13,17-trimeC310.57 (0.05)1.19 (0.02)0.720.89 (0.06)7,11,15-trimeC310.54 (0.04)0.99 (0.01)0.720.81 (0.09)14-; 12-meC32^d^0.17 (0.01)0.33 (0.02)0.190.27 (0.03)12,16-dimeC322.01 (0.14)3.57 (0.05)2.222.97 (0.28)10,14,18-; 8,12,16-trimeC32^d^0.46 (0.03)0.80 (0.02)0.610.82 (0.06)15-; 13-meC33^d^0.93 (0.05)1.57 (0.03)0.921.30 (0.08)13,17-; 11,15-; 9,13-dimeC33^d^4.63 (0.31)6.87 (0.11)5.117.41 (1.03)9,13,17-trimeC331.30 (0.08)2.02 (0.02)1.863.47 (0.33)7,13,17-trimeC330.21 (0.02)0.32 (0.01)0.320.47 (0.07)C35:31.01 (0.03)2.93 (0.17)1.641.76 (0.17)C35:2^d^2.31 (0.06)4.46 (0.14)2.713.55 (0.15)12,16-dimeC34; C35:1^c,d^0.68 (0.02)1.16 (0.03)0.851.40 (0.10)10,14,18-; 8,12,16-trimeC34^c,d^0.28 (0.00)0.50 (0.04)0.450.89 (0.14)15-; 13-; 11-meC35^d^0.56 (0.02)0.85 (0.05)0.671.11 (0.09)13,17-dimeC351.27 (0.09)1.96 (0.02)1.833.95 (0.46)9,13,17-trimeC350.14 (0.01)0.28 (0.03)0.270.93 (0.14)C37:3^d^1.74 (0.06)3.33 (0.16)2.723.28 (0.34)C37:2^d^1.67 (0.06)2.55 (0.08)2.182.90 (0.10)12,16-dimeC360.17 (0.01)0.34 (0.02)0.280.71 (0.08)C37:10.78 (0.02)0.76 (0.03)0.810.83 (0.06)10,14,18-trimeC36; C37:1^c,d^0.44 (0.03)0.35 (0.05)0.430.58 (0.10)13; 11-meC37^d^0.71 (0.01)0.60 (0.04)0.770.89 (0.14)13,17-; 11,15-dimeC37^d^0.87 (0.05)1.27 (0.01)1.252.13 (0.22)9,13,17-trimeC370.09 (0.01)0.13 (0.01)0.130.30 (0.06)C39:3^d^0.09 (0.02)0.18 (0.02)0.290.49 (0.16)C39:3; 12-meC38^d^0.49 (0.04)0.56 (0.03)0.761.03 (0.18)14,18; 12,16-dimeC38^d^0.02 (0.03)0.14 (0.01)0.140.24 (0.04)C39:1; 10,14,18-trimeC38^d^2.73 (0.19)1.73 (0.04)2.531.74 (0.23)13-; 11-meC39^d^1.75 (0.09)1.03 (0.03)1.701.26 (0.20)13,17-; 11,15-dimeC39^d^0.90 (0.01)1.04 (0.14)1.361.44 (0.08)9,13,17-trimeC39^c^0.41 (0.03)0.17 (0.09)0.110.20 (0.03)12-; 10-meC40^d^0.38 (0.05)0.20 (0.01)0.350.26 (0.07)12,16-dimeC400.27 (0.00)0.27 (0.02)0.340.32 (0.05)C41:13.31 (0.27)1.70 (0.04)2.791.58 (0.25)13-; 11-meC41^d^2.78 (0.20)1.45 (0.06)2.591.74 (0.31)13,17-; 11,15-dimeC41^d^3.34 (0.13)2.90 (0.15)4.003.33 (0.19)9,13,17-trimeC410.79 (0.02)0.30 (0.02)0.330.42 (0.19)12-; 10-meC42^d^0.30 (0.03)0.15 (0.01)0.250.26 (0.27)12,16-dimeC420.48 (0.04)0.37 (0.02)0.520.47 (0.12)C43:12.72 (0.28)1.25 (0.06)2.271.31 (0.26)15-; 13-meC43^d^1.00 (0.14)0.46 (0.05)0.870.61 (0.16)13,17-dimeC431.99 (0.16)1.18 (0.16)1.931.68 (0.28)14,18-dimeC44^c^0.12 (0.02)0.07 (0.01)0.120.13 (0.06)C45:1^c^0.42 (0.09)0.16 (0.02)0.330.21 (0.07)13-meC45^c^0.000.000.000.04 (0.03)13,17-dimeC45^c^0.37 (0.08)0.18 (0.02)0.340.43 (0.13)^a^Mean percent (SD) of total hydrocarbon composition. Compounds are listed in elution order^b^Acronyms for hydrocarbons are derived as follows: location of methyl groups (X-me), the total number of carbons (CXX) in the hydrocarbon component excluding the methyl branch(es), and the number of double bonds following a colon (CXX:Y)^c^These hydrocarbons were not reported for *I. minor* pseudergates or fecal pellets in Haverty et al. ([@CR14])^d^An isomeric mixture or two or more compounds co-eluted in this peak

**Hydrocarbons from Termites** *n*-Alkanes and dimethylalkanes were the predominant classes of hydrocarbons in all castes and in fecal pellets (Table [2](#Tab2){ref-type="table"}), as previously reported by Haverty et al. ([@CR13], [@CR14]). *n*-Alkanes comprised from 23.12% to 38.39%, unsaturated components from 15.21% to 19.03% , terminally branched monomethylalkanes from 3.90% to 5.32%, internally branched monomethylalkanes from 7.70% to 9.01%, and dimethylalkanes from 25.25% to 36.18%, of the total hydrocarbon content. There was also a homologous series of trimethylalkanes, representing 8.26% to 9.48% of the total hydrocarbon content. Table 2Relative abundance^a^ of hydrocarbon classes from pseudergates, alates, soldiers, and fecal pellets of *Incisitermes minor* (Hagen)Hydrocarbon classPseudergatesAlatesSoldiersFecal pelletsNormal Alkanes38.3923.1229.7718.71Olefins^b^18.3821.1120.3120.66Terminally branched methylalkanes3.904.495.325.19Internally branched methylalkanes9.017.708.888.33Dimethylalkanes25.2436.1829.7937.40Trimethylalkanes5.097.405.929.71^a^Percent of total hydrocarbon composition^b^All peaks with co-eluting olefins and saturated compounds are summarized as olefinsThe hydrocarbons of *I. minor* characterized in this study included all of the compounds reported by Haverty et al. ([@CR14]), as well as 18 additional hydrocarbons (Table [1](#Tab1){ref-type="table"}). These additional hydrocarbons were not abundant, never representing more than 0.85% of the total hydrocarbon (as for the mixture of 12,16-dimeC34 and C35:1 in soldiers) content, and usually much less. The detection of these additional hydrocarbons in this study are likely due to the greater concentration of the extracted hydrocarbons used or, possibly, colony to colony variation.

**Hydrocarbons from Termite Fecal Pellets** In general, the hydrocarbons from whole-body extracts of *I. minor* were represented in extracts of fecal pellets. As with whole-body extracts of *I. minor*, dimethylalkanes were the predominant class of hydrocarbon, followed by olefins and normal alkanes (Table [2](#Tab2){ref-type="table"}). Only two hydrocarbons (*n*-C30 and 13-meC30; Table [1](#Tab1){ref-type="table"}) were found in termites and not in fecal pellets, but these were present in small quantities, less than 0.1% of the total hydrocarbon content. The lack of these two hydrocarbons in fecal pellets may be a function simply of the concentration of the extracts.

**Changes in Hydrocarbons of Fecal Pellets over Time** We identified 73 hydrocarbon peaks in fecal pellets of *I. minor* (Table [1](#Tab1){ref-type="table"}). Of these peaks (data from non-significant slopes not reported), 19 of 73 (26%) had a significant change, either positive (five) or negative (14), over time (Fig. [2](#Fig2){ref-type="fig"}). This is a much higher number of statistically significant slopes (different from 0), than would be expected by chance alone (5% of 73 peaks is \<4 peaks). Fig. 2Changes in percent content of individual hydrocarbons, over time, from fecal pellets of *Incisitermes minor* workers. **a** hydrocarbons with significant (*α* = 0.05) negative slopes, and **b** hydrocarbons with significant positive slopes. Acronyms for hydrocarbons are derived as follows: *X-me* location of methyl groups, the total number of carbons, *CXX* in the hydrocarbon component excluding the methyl branch(es), and *CXX:Y* the number of double bonds following a colonThe index, I~age~, for each of the three replications (A, B, and C at 0, 30, 90, and 365 day) was plotted against the associated number of days (Fig. [3](#Fig3){ref-type="fig"}). The fitted line, with a 95% confidence interval for the means to show the variability of the replicates, had a high adjusted *R*^2^ (= 0.888) value, suggesting that it might be possible to predict fecal age by the index. Fig. 3Fitted line and 95% confidence intervals for a plot of the mean of index of age (I~age~) against age. Values for 30 day are jittered a small amount so that all three data points can be seen

We do not know the basis by which peaks increase or decrease over the 1-year period. In general, those that increased in relative abundance tended to have higher initial relative abundances; i.e., mono-, di-, or tri-methylalkanes with carbon chains of 31, 32, or 33. Those that decreased were represented in five of the six classes of hydrocarbons, ranging from C26 to C45. Only the terminally branched hydrocarbons were not represented in peaks with negative slopes.

The composition of the hydrocarbon mixture of insects is genetically controlled (Toolson and Kuper-Simbrón, [@CR29]; Kaib et al., [@CR16]; Page et al., [@CR23]; Coyne et al., [@CR5]). This composition can be slightly affected by diet and environmental conditions (Hadley, [@CR11]; Espelie et al., [@CR7]; Chapman et al., [@CR4]; Howard, [@CR15]; Woodrow et al., [@CR30]). Haverty et al. ([@CR12]) demonstrated significant seasonal variation in quantities of some hydrocarbons of *Coptotermes formosanus* Shiraki from Hawaii; these differences were small and associated with the production of alates. However, the qualitative mix of hydrocarbons has been shown to be stable over decades among species of cone beetles in the genus *Conophthorus* (Page et al., [@CR22]).

The motivation for our study was to devise a method for the evaluation of the success or failure of drywood termite treatments, including fumigation and local application methods. With the recent classification of sulfuryl fluoride (the only fumigant active ingredient registered in California) as a greenhouse gas (Mühle et al., [@CR21]) and the anticipated increase in local treatments, we felt that there would be considerable interest by the industry, regulatory agencies, and consumers for a simple and accurate means to determine whether or not a targeted colony/infestation is still in a structure. Our method, based on changes in hydrocarbon chemistry over time, shows promise to this end. Future research includes: (1) validating these findings for additional species of drywood termites and geographic populations of the same species, (2) validating these findings at different times of the year, and (3) exploring seasonality in pellet production and hydrocarbon quality in pellets.
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